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Introduction
Plates and shells are common structural elements in civil engineering structures such as buildings, bridges, tunnels, retaining walls and other infrastructure. In general, the behaviour of plate and shell structures can be predicted using either 2D plate theories or 3D elasticity theory. The classical plate theory (CPT) is the simplest plate theory developed by Love [1] based on the assumptions proposed by Kirchhoff [2] . However, this theory is only applicable for thin plates in which the shear deformation effects are negligibly small. For thick plates, the CPT underestimates deflections and overestimates buckling loads as well as natural frequencies because of neglecting these effects.
A large number of shear deformation theories have been proposed to take into account the shear deformation effects. One of the earliest shear deformation theories was proposed by Reissner [3] and Mindlin [4] . It should be noted that Mindlin's theory was based on an assumption of a linear displacement variation across the plate thickness.
It was therefore referred to as the first-order shear deformation theory (FSDT). This assumption leads to constant transverse shear strains and transverse shear stresses across the thickness. A shear correction factor is therefore needed to account for the discrepancy between the constant shear stresses and the parabolic distribution of shear stresses in the 3D elasticity theory. On the other hand, Reissner's theory was based on the assumptions of a linear variation of bending stresses and a parabolic distribution of transverse shear stresses across the thickness. These assumptions lead to a displacement field which is not necessarily linear across the thickness, and the shear correction factor is not required as in the case of Mindlin's theory. Higher-order shear deformation theories (HSDTs) were proposed to eliminate the use of the shear correction factor in the FSDT, and to obtain a better prediction of the responses of very thick plates. The 3 HSDT is developed based on a higher-order displacement variation across the plate thickness using either polynomial functions (e.g. the third-order shear deformation theory (TSDT) of Reddy [5] ) or non-polynomial functions (e.g. the sinusoidal theory of Touratier [6] , hyperbolic theory of Soldatos [7] , exponential theory of Karama et al. [8] and among others). Several typical shear deformation theories developed from 2010 for composite structures can be found in Refs. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . A comprehensive review of plate theories was reported by Ghugal and Shimpi [25] for isotropic and laminated plates and Thai and Kim [26] for functionally graded plates.
Although the existing HSDTs provide a better prediction compared with the CPT, they are much more complicated and computationally expensive than the CPT because of introducing additional dependent unknowns into the theory. Therefore, this paper aims to propose a simple HSDT which contains the same number of unknowns and governing equations of motion as in the case of the CPT. The present theory was based on the refined plate theory (RPT) of Shimpi [27] and 3D elasticity theory. Analytical solutions of the present theory were also presented. The obtained predictions were then compared with the available results predicted by the FSDT, TSDT and 3D elasticity theory as well as those generated by ABAQUS for validation.
Kinematics
The displacement field of the present theory was derived based on the displacement field of the RPT [27] and the equilibrium equations of 3D elasticity theory. According to Shimpi [27] , the displacement field of the RPT is given as follows: 
where the dot-superscript convention indicates differentiation with respect to time t ; i  are the stress components of the stress tensor; and  is the density. Substituting
Eq. (1) into Eq. (2), the equilibrium equations are rewritten as: 
The equilibrium equations in Eq. (3) can be rewritten in terms of stress resultants for a plate under a transversely distributed load q as shown in Fig. 1 
where the moments M, shear forces Q and mass inertias I are defined as
According to Shimpi [27] , the moments and shear forces can be expressed in terms of 
Eq. (13) 
Analytical solutions

Navier-type plates
Consider a Navier-type plate subjected to a transverse load q as shown in Fig Substituting Eqs. (20) and (21) into Eq. (14), the following equation is obtained It should be noted that the CPT does not account for the underlined terms in Eqs. (25) and (26) . For a free vibration analysis ( 0 q  ), the analytical solution for the natural frequency  is obtained from in Eq. (23) 
If the time derivative term in Eq. (11) is neglected, the natural frequency of a simply supported plate is simplified as:
If the underlined shear deformation term in Eq. (30) is neglected, the natural frequency of the present theory yields the frequency obtained from the CPT. [28] and the present theory with the exact and simplified formulations. It can be observed that the difference in the frequencies predicted by the exact and simplified formulations in Eqs. (29) and (30) is negligible, and the predictions of the present theory are close to those predicted by the FSDT [28] .
Levy-type plates
Consider a rectangular plate with simply supported boundary conditions at the edges 
The applied load q can be expressed as: 
Substituting Eqs. (31) and (32) 
Numerical examples
A number of examples were presented in this section to illustrate the accuracy and efficiency of the present theory and its analytical solutions. The bending response and natural frequency predicted by the present one unknown shear deformation theory were compared with available results predicted by 3D elasticity theory and well-known plate theories such as the CPT, FSDT and TSDT. It should be noted that the CPT has only a single unknown as in the case of the present theory, whilst the FSDT and TSDT involve three unknowns. In addition, the numerical solutions generated in this study using the shell element S4R of the commercial finite element software ABAQUS [33] were also used for validation. S4R is a robust quadrilateral 4-node element with reduced integration which is applicable for both thin and thick plate/shell structures. Based on a convergence study, the mesh sizes of 40×40 and 40×80 were respectively selected for the number of element along the edges of square plates and rectangular plates with aspect ratios of 2.0.
Bending analysis
The first bending example aims to validate the present theory for Navier-type plates.
Three values for the length-to-thickness ratio a/h of 5, 10 (corresponding to thick and moderately thick plates) and 100 (corresponding to thin plates) were taken into account.
The obtained predictions were compared with available results reported by Reddy [34] using the CPT, FSDT, and TSDT in Table 1 in which the normalized quantities were defined as follows: 
The obtained predictions were calculated using up to 19 terms in the series as performed by Reddy [34] . It should be noted that the values of the transverse shear stresses given by Reddy [34] were based on integrating the equilibrium equations of 3D elasticity theory with respect to the thickness coordinate as plates, respectively. It is also seen from Table 1 that the transverse shear stresses obtained from the present theory are identical with those predicted by the CPT and FSDT. As stated by Reddy [34] , both CPT and FSDT give more accurate predictions of the transverse shear stresses than the TSDT when the stress equilibrium equations of 3D elasticity theory are used. It is also noted that the present theory has only one unknown as in the CPT, whilst both FSDT and TSDT involves three unknowns. Although the CPT can give the same accuracy in predicting the transverse shear stress as in the case of the present theory, it was based on an indirect and lengthy process through the use of equilibrium equations in Eq. (42) . In contrast to the CPT, the present theory predicts the transverse shear stresses in a direct manner through the use of constitutive relations in Eqs. (26d) and (26e). It should be noted that the transverse shear stresses predicted by the CPT using constitutive relations are always equal to zero. A comparison of the variation of w with respect to a/h was also plotted in Fig. 3 for square plates. Again, an excellent agreement between the results generated by the present theory, TSDT and ABAQUS was observed.
To further illustrate the accuracy of the present theory in predicting the transverse shear stresses, Fig. 4 compared the distribution of the transverse shear stress predicted by the present theory with that given by Auricchio and Sacco [35] based on the exact 3D elasticity solutions derived by Pagano [36] . For the plate strip under a sinusoidal load, the transverse shear stress given in Eq. (26d) was simplified as solutions. This is expected since the present theory was based on equilibrium considerations.
The next bending example aims to verify the present theory for Levy-type plates. (39) were used. However, this difference becomes negligible when the clamped boundary conditions in Eq. (40) were used. This indicated that for the plate involving the clamped boundary conditions, the boundary conditions described in Eq. (40) should be used to give a better prediction.
Free vibration analysis
The first verification for free vibration analysis was carried out for SS square plates.
This example aims to verify the present theory for a wide range of Navier-type plates with a thickness-to-length ratio h/a covering from 0.001 (very thin plates) to 0.4 (very thick plates). Table 3 showed a comparison of the first eight nondimensional frequencies  obtained in this study with available results predicted by the CPT [38] , FSDT [39] , TSDT [40] [41] and 3D elasticity theory [42] [43] . The obtained results were also compared with the FE results computed independently in this study using ABAQUS.
The first eight mode shapes generated by ABAQUS were also plotted in Fig. 6 for very thick plates with h/a = 0.4. It is noted that the 3D results given by Liew et al. [42] were based on the Ritz method, whilst Malik and Bert [43] used the differential quadrature (DQ) method to solve for the frequencies. The TSDT results reported by Shufrin and Eisenberger [40] were based on the extended Kantorovich numerical method, whilst Hosseini-Hashemi et al. [41] employed the Levy method to derive exact TSDT solutions.
Both CPT and FSDT results given by Leissa [38] and Hosseini-Hashemi and Arsanjani [39] , respectively, were based on an analytical approach. Good agreement between the results was found in Table 3 for all models of very thin to very thick plates.
The next verification for free vibration analysis aims to verify the present theory for a wide range of square and rectangular plates with various boundary conditions. Table 4 contains the nondimensional frequencies  of plates for various values of the thickness-to-length ratio h/a. It is noted that the frequencies of the CC, SC and FC plates were obtained based on the clamped boundary conditions described in Eq. (40) due to its accuracy. The results obtained in this study were compared with available results reported by Malik and Bert [43] , Hosseini-Hashemi and Arsanjani [39] and Hosseini-Hashemi et al. [41] based on 3D elasticity theory, FSDT and TSDT, respectively. Good agreement between the results is observed in Table 4 confirming the accuracy of the present theory.
Conclusions
A simple and accurate shear deformation theory has been proposed for thick isotropic plates. The governing equations of motion of the present theory were derived based on 3D elasticity theory and RPT. The accuracy of the present theory in predicting the bending behaviour and natural frequencies was verified for a wide range of Navier-and Lery-type plates. Numerical results indicated that the present theory is not only much more accurate than the CPT but also comparable with the FSDT and TSDT when compared with 3D elasticity theory and ABAQUS. Although the present theory has only one unknown and one governing equations of motion as in the CPT, its predictions are comparable with those generated by the FSDT and TSDT which have three unknowns and three governing equations. 
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